Evolution via template-based replication 1-4 was probably preceded by a more rudimentary form 34 of evolution based on networks of autocatalytic reactions [5][6][7][8] . However, reaction networks 35 possessing the Darwinian properties of variation (in composition, the catalysts present and their 36 relative amounts), differential reproduction (accumulation of products), and heredity 37 (persistence of composition), have so far not been identified. Here we show that networks of 38 catalytic RNAs can possess certain properties of Darwinian systems, that these properties are 39 controlled by network topology, and characterize important trade-offs between them. By 40 combining barcoded sequencing with droplet microfluidics, we screened ̴ 20,000 reactions 41 corresponding to more than 1,800 distinct networks of ribozymes that catalyse their own 42 formation from RNA fragments. We found that more highly connected networks tend to 43 reproduce more quickly (accumulate more ribozymes) and be more robust to perturbations, 44 indicating a trade-off between variation and reproduction. Variations are strongest when adding 45 upstream ribozymes with novel reaction specificities (innovations) which target weakly 46 connected networks. In turn, innovations increase connectivity, thus buffer against further 47 Main 59
perturbations, highlighting a second trade-off between robustness and variation. Despite this, 48 phases of compositional robustness can alternate with sudden variations of the composition 49 across trajectories of network growth by accretion of novel species. Finally, heredity is found 50 to be limited by the activity of self-assembled, non-covalent ribozymes. Our findings show that 51 connectivity in reaction networks not only determines the probability of autocatalytic sets in 52 chemistries 8 , but also their potential for evolution. They are directly relevant to scenarios where 53 early evolution is driven by environmental heterogeneity 9,10 , as it depends both on robustness 54 (persistence being necessary for selection to act) and susceptibility to changes (in order to 55 explore novel states). More broadly, they provide guiding rules for chemistries capable of 56 Darwinian evolution and constrain scenarios of the origins of life. 57 network-theoretic measure which accounts only for catalysis by directly upstream ribozymes 22 . 140 In contrast, for covalent ribozymes only, species fractions should be predicted by eigenvector 141 centrality, which accounts for longer catalytic chains 22 . Despite these differences, the in-degree 142 centrality was found to be a good approximation of the eigenvector centrality (for our dataset, 143 R=0.83, p-value<10 -5 , Extended Data Fig. 7a ), as is already known in general 23 , except for 144 strongly selfish ribozymes which fraction is underestimated (13% of the dataset, Extended Data 145 Fig. 7b ). 146
The in-degree centrality approximation allowed an analytical derivation of the perturbations 147 (Supplementary File 1), 148 → = 2 1 − ! " ⁄ ! " ⁄ + (1), 149 by catalytic novelty (Fig. 3b , bottom) than by perturbation breadth for the values tested 159 here ( = 1 or 2, Fig. 3b, top) . Second, Equation (1) poses the condition ! /" ≤ for 160 significant variations, consistent with high values → being observed only when ! /" < 2 161 (given that ≤ 2, Fig. 3b, top) . Overall, the highest perturbations → required a catalytic 162 innovation ( = 0, i.e. a new IGS) to be combined with a low normalized background strength 163 (! /" ≤ 1). Perturbations were indeed up to 10 times higher in such cases, compared to cases 164 where either > 0 or ! /" > 2 (Fig. 3b, bottom) . Interestingly, the model indicated that 165 perturbations should peak at intermediate values of ! /" when m > 0 (purple line, Fig 3b, right) , 166 which was consistently observed in the data but not significant (purple line , Fig 3b, left) . The 167 predictions of Equation 1 were also verified for other values of the parameters (Extended Data 168 Fig. 8 ) and at the level of single nodes (Extended Data Fig. 9 ). In addition, the attenuation of 169 perturbations with large ! /" combined with the weak but significant correlation between 170 growth and ! (R=0.5, p<10 -5 , Fig. 3c ) explains part of the trade-off between growth and 171 perturbability reported in Fig. 2d . 172
To test the interplay between robustness and variation in scenarios where novel species would 173 appear either spontaneously 13 or due to changes in substrates provided from the prebiotic 174 milieu 9,10 , we analyzed cumulative perturbations across trajectories of network growth, starting 175 from networks with three nodes, randomly adding one node at a time (Fig. 4a ). We have seen 176 that strong perturbations require catalytic innovations ( = 0). In such case, Equation 1 177 reduces to → = 2 (1 + ! / " ⁄ ). The ratio ! / " expresses a second trade-off, between 178 the robustness induced by the background strength of the network ! , and the variation induced 179 by the novel catalyst as characterized by and ". 180
As for a large perturbation to occur, " must be comparable to the ! of the perturbed network, 181 ! would roughly double after a strong perturbation, enhancing robustness to further variation. 182
Consequently, strong variations should be followed by small ones, and result in inflexions 183 (change in curvature) in cumulative perturbation trajectories. We quantified the corresponding 184 inflexions by their sharpness (third derivative at inflexion, Extended Data Fig. 10a ), and 185 categorized them as strong when in the top 25% of sharpness ( Fig. 4b ). Comparing the 186 distributions of sharpness for all inflexion points showed that they are, as predicted,
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Although introducing a node causing a strong perturbation buffers the resulting network against 190 further perturbations, subsequent variations along trajectories are still possible, as exemplified 191 in Fig. 4a , b. By computationally analysing trajectories for an extended repertoire of specific 192 interactions, we found that sustained variation requires perturbing species of increasing 193 targeting breadth ( Fig. 4e ) and increased waiting time between variation events (until the 194 diversity of IGS/tag pairs saturates) Fig. 4f ). The former allows the ever larger ! values to be 195 overcome, while the latter corresponds to the build-up of weakly connected nodes that can 196 become targets. Interestingly, the trade-off between ! and " translates at the level of 197 trajectories: chemistries with a high density of catalytic interactions lead to many trajectories 198 with a few inflexions, while sparse chemistries lead to fewer trajectories but with many 199 inflexions ( Fig. 4g ). 200
We have shown experimentally that a diversity network behaviour can be generated from a 201 small set of interactions, and that these networks can possess Darwinian properties. What is 202 missing, therefore, for such a system to evolve? First, we found that network topology imposes 203 trade-offs between growth and variation, and between variation and robustness. In particular, 204 the density of interactions in a chemistry should neither too sparse, nor too dense to potentially 205 allow evolution. Second, heredity, which in the context of autocatalytic networks depends on 206 the persistence of the chemical composition over time is weakened due to catalysis by self-207 assembled, non-covalent, complexes. This leads to relaxation of chemical compositions toward 208 states determined by the substrates rather than by the covalent catalysts transmitted from pre-209 existing networks (Extended Data Fig. 11 Table   305 2). Networks are ranked (x-axis) based on the mean across network replicates of the total WXYZ concentration were fabricated by soft-lithography as described in 26, 27 computationally drawn randomly among the 16 species. The total number of fragment types to found to maximize the number of distinct networks formed after random droplet fusions (10,000 graph criteria, by selecting the fragment assignment (among 100,000 random realizations) 385 maximizing the Shannon entropy of the first eigenvalue and spectral gap distributions, across 386 networks resulting again from the simulation of 10,000 random droplet fusions. 387
Experimentally, for each combination, 1 µM of respective WXY fragment(s) was heated at 388 48°C and cooled down to room temperature over 10 min ( containing 2% surfactant and brought together into the same channel, where they were 404 electrocoalesced 19,28 using an AC electrical field (Agilent 33522A waveform generator, sine 405 function, 4 kHz, 400 mV, 50 Ω) amplified 10 3 times (TREK high-voltage amplifier). Flows 406 were regulated such that, on average, between one and five 5 pL droplets coalesce with one 50 407 pL droplet (Supplementary File 5). This resulted in ̴ 1/10 th dilution of WXY RNA concentration 408 in the fused droplets (the Z fragment is in stoichiometric excess). All flows were driven by a 409 pressure control system (MFCS™-EZ, Fluigent SA), and the desired fusion frequency achieved 410 by carefully adjusting and coupling the flows with pressure values of 380-400, 350-380, 470-411 520 mbar for 50 pL droplet emulsion, 5 pL droplet emulsion and spacer oil channel, 412 respectively. Electrocoalescence and collection (in a 0.2 mL tube with a PDMS cap) was 413 performed for ~ 3.5 h and the emulsions were stored on ice during the entire process. To monitor 414 the fusion frequency during the collection, fusion events were counted from videos recorded 415 every 20 min, showing very stable fusion frequency, closely comparable to what was obtained by sequencing hairpin RNA reporters (Extended Data Fig. 4 ). (C) Incubation and splitting of allow the accumulation of ribozymes. In order to dilute the MgCl2 during the reverse 419 transcription (RT) step, these droplets (~60-65 pL) were re-injected (spaced with HFE 7500 oil 420 containing 2% surfactant) and split by a T-junction device 30 (Supplementary File 4) Encapsulation and fusion: The barcoded beads (50 µL) were washed 5 times with 500 µL of 476 binding-wash buffer by centrifuging at 11866 g for 1 min. Washed beads were then mixed with 477 2.5 µL of 10 mM dNTPs, 10 µL of 5X SuperScript III reaction buffer (Invitrogen), 2.5 µL of 478 100 mM dithiothreitol (DTT), 0.4% of Tween20 (10%), 100 units of SUPERase۰In TM inhibitor 479 (Thermo Fisher Scientific, Product No.: AM2694) and incubated at 37°C for 30 min to ensure 480 diffusion of all reactants within the beads. After this, the beads were centrifuged as above and 481 excess of liquid over the beads was removed. Then, at 4°C, 500 units of reverse transcriptase 20 mixed thoroughly. These hydrogel beads together with the other reagents were encapsulated 485 individually in ~50 pL droplets (Supplementary File 6), fused with RNA droplets on the same 486 microfluidic device (Supplementary File 4) . The injection of close-packed deformable beads 487 resulting in >99% of droplets containing a single barcoded hydrogel bead. The 5 pL RNA 488 containing droplets and the 50 pL bead containing droplets were fused at a 1:10 ratio to ensure 489 that, in the majority of cases, no more than one of the formers is fused with one of the latter. 490
For this, flows were pressure controlled using, respectively, 550, 225, 650, 450 mbar for 491 hydrogel beads, 5 pL droplets, oil to control droplet spacing (HFE 7500 with 2% surfactant) 492 and oil for beads encapsulation (HFE 7500 with 2% surfactant). Electrocoalescence was 493 performed as described above. Fused droplets were collected in 0. The reaction was carried out in 50 µL volume and incubated for 30 min at 37°C before heat 504 inactivation at 70°C for 10 min. The TdT treated cDNAs were purified using magnetic beads 505 (AMPure XP, Beckman Coulter, Product No.: A63881) following the manufacturer's protocol. 506
Sequencing adaptors were then appended using two sequential PCR steps (Extended Data Fig.  507 3a). The first PCR was performed in multiples of 20 µL volume where 2 µL of TdT treated 508 reverse transcription reaction was mixed with 0.5 µM of Oligo 16 (also containing a 6 509 nucleotide stretch used as sample barcode to multiplex different samples for the sequencing 510 run) and 0.5 µM of Oligo 17 ( Supplementary File 2) Sequencing data processing. Custom software was written to process sequencing data and 527 further data analysis steps. The libraries were sequenced in paired-end mode with read 1 and 528 read 2 of 180 bp and 120 bp, respectively. Read 1 was used to determine the sample barcode 529 (used for multiplexing samples for sequencing) and the RNA molecule identity (either an 530
Azoarcus ribozyme with specific IGS-tag pair or a hairpin RNA reporter). Read 2 was used to 531 determine the UMIs 34 and the droplet barcode. The structure of read 1 and 2 is summarized in 532 Extended Data Fig. 3b . UMI normalization: Four meta fields were associated for each pair of 533 reads: sample barcode, droplet barcode, UMI and RNA molecule identity (details in 534 Supplementary File 1). Reads missing any of these were discarded (~30%). The reads with the 535 same meta information were merged and the read count was added as an extra meta field. This 536 allows to filter out noise due to sequencing errors, given that read counts resulting from such 537 errors are significantly lower (threshold indicated on Extended Data Fig. 3e ). The filtering 538 thresholds for the minimum number of reads per UMI were determined separately for the 539 Azoarcus ribozymes and hairpin RNA reporters based on the shape of the distribution of number 540 of reads per UMI (Extended Data Fig. 3e-f ). Final data processing: Filtered UMI-normalized 541 reads were then clustered by droplet barcode to count the number of UMIs per type of RNA 542 molecule per droplet barcode (Extended Data Fig. 3f ). For each droplet barcode, only hairpin 543 RNA reporters where UMIs made up ≥7.5% of the total of hairpin UMIs were retained. This 544 threshold value was set to optimally match the fusion distribution measured by video (Extended 545 Data Fig. 3g ). Within each droplet, ribozyme sequences that did not corresponding to a correct 546 hairpin reporter were discarded. Then, only the droplet barcodes with more than 10 UMIs 547 associated with hairpin RNA reporters and 20 with ribozymes were retained and the fraction of 548 each node in the network was computed. As before, these thresholds were chosen to closely 549 match the observed distribution of drop fusion determined from videos acquired during the fractions are publicly available for all unique networks (Supplementary File 3) . To determine 552 network yield per droplet, first we computed a droplet-specific UMI to concentration 553 conversion rate by considering total hairpin reporter UMIs as well as number of different 554 hairpin reporters identified. This was then used to convert total number of ribozyme UMIs into 555 a yield value. 556
Controls for droplet-level sequencing biases. Four 5 pL emulsions (A, B, C and D) were 557 prepared, each with: a distinct pair of hairpin RNA reporters at a final concentration of 5 nM, a 558 set of 4 WXYZ ribozymes with the same IGS but in different proportions (total concentrations 559 summing to 100 nM) and 1.6 µM of Z fragment. The four emulsions were mixed and then 560 singly fused to droplets containing hydrogel beads as described above to perform droplet level 561 sequencing. The data was processed as above using the same thresholding strategy. We 562 quantified the bias as the proportion of droplets containing pure (A, B, C or D) and compared 563 to mixed populations (AB, AC, AD, BC, BD, CD, ABC, ABD, BCD and ABCD, Extended 564 Data Fig. 5d ). 565
Experimental measurement of catalysis by non-covalent and covalent ribozymes. Self-566 assembly of Azoarcus ribozymes with different IGS/tag pairs were re-measured in 20 mM 567 MgCl2, using the strategy developed by von Kiedrowski 35 , as described 21 . For this, the initial 568 rate of formation of WXYZ from WXY and Z fragments was measured as a function of the 569 concentration of doped covalent WXYZ ribozymes (with same IGS and tag as the WXY 570 fragment). The concentration of RNA fragments were identical to the droplet experiments (0.1 571 µM of WXY fragment and 1.6 µM of Z fragment) with additional but minor amounts (0.001 572 µM) of WXY fragment, radiolabeled using T4 Polynucleotide Kinase (New England Biolabs) 573 and γ-32P ATP (Perkin-Elmer). In accordance to previous measurements 21 , the initial rate of 574 formation of WXYZ ( * ) was found to depend linearly on the concentration of the doped 575 WXYZ. This linear relationship can be described with the following linear equation * = +, + 576 -(Extended Data Fig. 6 b,c) where, , is the concentration of the covalent ribozyme, α is the 577 slope for an IGS/tag pair, which quantifies the WXYZ synthesis by covalent ribozymes, and β 578 is the y-intercept, which quantifies the WXYZ synthesis by non-covalent ribozymes (trans-579 catalysis by non-covalent complex of WXY and Z fragments) 18 . Wobble pairs (GU and UG) 580 and one of the mismatched IGS/tag pairs (AG) were also measured and found to have negligible 581 values for α and β. 582
Kinetic model. In a network, covalent catalysts from species ., whose concentration is , / , while non-covalent catalysts contribute with the constant term -1/ . + 1/ and -1/ terms were 585 measured experimentally and independently from the network experiments, for single IGS-tag 586 pairs (Extended Data Fig. 6b-c) . The production rate of each species is ,2 1 = ∑ + 1/ • , / + -1/ / , 587 resulting in a linear system of ordinary differential equations for each network depending on 588 the IGS-tag combinations provided from the RNA fragments. 10 :*.< and 10 =.< . Bins with less than 3 points were discarded and the mean and standard deviation for each bin are 760 plotted. Networks with less than 3 nodes were discarded for the analysis. b, Same as a but the case where is a 761 not target for .
representative trajectories from the experimental data are plotted (first row) as well as the first derivative (second 767 row), the second derivative (third row) and the net third derivative (fourth row). The derivative is the difference 768 between two successive points divided by the width of the interval (here 1). Inflexion points are first detected with 769 the second derivative when it switches from positive to negative and the sharpness of these is measured with the 770 net third derivative. Derivatives were computed as the difference of values between n and n+1 nodes. Strong 771 inflexion points are defined as being in the top 25% in sharpness and are indicated with dark grey rectangles. An 772 extra-step with no perturbation is added at the beginning of the trajectory to detect starting strong inflexion points. 
